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We report on our investigation of the electronic structure of Ti2O3 using (hard) x-ray photoelec-
tron and soft x-ray absorption spectroscopy. From the distinct satellite structures in the spectra
we have been able to establish unambiguously that the Ti-Ti c-axis dimer in the corundum crystal
structure is electronically present and forms an a1ga1g molecular singlet in the low temperature in-
sulating phase. Upon heating we observed a considerable spectral weight transfer to lower energies
with orbital reconstruction. The insulator-metal transition may be viewed as a transition from a
solid of isolated Ti-Ti molecules into a solid of electronically partially broken dimers where the Ti
ions acquire additional hopping in the a-b plane via the epig channel, the opening of which requires
the consideration of the multiplet structure of the on-site Coulomb interaction.
PACS numbers:
The role of ion pair formation for the metal-insulator
transition (MIT) in early transition metal oxides with
the octahedra sharing either a common face or a com-
mon edge has been a matter of debate in the past several
decades [1–18]. Based on the presence of the c-axis V–V
dimers in the corundum crystal structure of V2O3, C.
Castellani et al. [4] proposed a molecular singlet model
for the a1g orbitals, projecting the system effectively onto
a solid with S = 1/2 entities which then should carry the
essential physics for the MIT and the magnetic struc-
ture in the antiferromagnetic insulating phase. However,
soft x-ray absorption spectroscopy (XAS) experiments [8]
showed that the two d electrons on each V are in the high-
spin S = 1 state, implying that the atomic Hund’s rule
coupling is much stronger than the intra-dimer hopping
integrals. Furthermore, using band structure calculations
Elfimov et al. [10] found that the intra-dimer hopping
integral is not the most important one, rather that the
hopping integrals between second, third and fourth near-
est V neighbors are at least equally important: in other
words, the c-axis dimers need not to be present electron-
ically although structurally they are there.
Ti2O3 shares much of the fascination as V2O3. It
has also the corundum crystal structure (see the inset
in Fig. 1) and exhibits upon lowering the temperature a
MIT [19]. The earliest models explained the low tem-
perature insulating phase of Ti2O3 by assuming a band
splitting caused by an antiferromagnetic long-range or-
der [19]. However, different from V2O3, the transition
is gradual and is not accompanied by a structural tran-
sition nor magnetic ordering [20–22]. It was also pro-
posed by Goodenough and van-Zandt et al. that the
short c-axis pair bond length, which is with 2.578 A˚ at
300 K [23] much shorter than in V2O3 with 2.697 A˚ at
300 K [24], increases the trigonal crystal field splitting so
that the conductivity gap is opened [1, 2]. This model
is, however, contradicted by band structure calculations
which showed that the overlap of the a1g and e
pi
g orbitals
can only be suppressed for an unrealistically short bond
length [6], i.e. Ti2O3 is a metal at all temperatures with
mixed a1g-e
pi
g states for the c-axis dimer from the point
of view of band theory [3, 6, 13]. Correlation effects have
to be included in one way or another to explain the in-
sulating ground state in Ti2O3 [11, 12, 25–27].
Here we report on our spectroscopic study of the elec-
tronic structure of Ti2O3 with the goal to determine
whether and how correlation effects and the c-axis dimer
play a role for the formation of the low-temperature insu-
lating phase. Moreover, we would like to identify the key
factors in the electronic structure that can transform the
compound from an insulator into a metal. We found in
our spectra direct evidence that Ti2O3 is a strongly cor-
related system in which the c-axis Ti-Ti dimers form iso-
lated a1ga1g molecular singlets at low temperatures, and
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FIG. 1: Experimental valence band (VB) XPS spectrum of
Ti2O3 taken at 300 K (black line), together with the Au Fermi
cut-off (thin black line) as reference for EF . Also shown is the
Ti 3d one-electron removal spectrum from a TiO6 (blue line)
and Ti2O9 (red line) cluster as described in the text. Inset:
Corundum structure of Ti2O3 with the c-axis Ti-Ti dimers
marked in red.
that at high temperatures the dimers partially break-up
electronically with the Ti ions gaining hopping in the a-
b plane via the epig channel. Crucial is that the orbital
switching from a1g towards e
pi
g is possible only if the mul-
tiplet aspect of the on-site Coulomb interaction is another
decisive element in the electronic structure of Ti2O3.
X-ray photoelectron spectroscopy (XPS) measure-
ments with hν = 1486.6 eV were performed in Cologne
using a Vacuum Generators twin crystal monochroma-
tized Al-Kα source and a Scienta SES-100 electron en-
ergy analyzer. The overall energy resolution was set to
0.4 eV. Hard x-ray photoelectron spectroscopy (HAX-
PES) experiments were carried out at the ID16 beam-
line of the ESRF using the VOLPE spectrometer with
hν = 5931 eV and an overall resolution of 0.4 eV, as
well as at the Taiwan beamline BL12XU at SPring-8 us-
ing the Max-Planck-NSRRC end-station equipped with
a MB Scientific A-1 HE hemispherical analyzer employ-
ing hν ' 6.5 keV and an overall resolution of 0.2 eV.
Soft-x-ray absorption spectra (XAS) were collected at
the Dragon beam line at the NSRRC in Taiwan in the
total electron yield mode with a photon energy resolu-
tion of 0.25 eV and degree of linear polarization of 98%.
All spectra were collected from freshly in vacuo cleaved
Ti2O3 single crystals. Ti2O3 single crystals were grown
by using the floating zone method. The purity and struc-
ture of crystals were verified as a single phase crystal by
using EDX, powder diffraction measurements, Laue and
polarization microscopy. The stoichiometry of the crys-
tals has been characterized by thermogravimetric analy-
sis.
Figure 1 shows the valence band XPS spectrum of
Ti2O3 taken at 300 K, i.e. in the insulating phase. The
group of peaks at 4–11 eV binding energies is mainly the
contribution of O 2p states. The lower binding energy
region from the Fermi level up to 4 eV consists of mainly
the Ti 3d. This part of the spectrum is characterized by
two distinct spectral features. The main line (M) is a
quite symmetric peak centered at about 0.68 eV with a
width of ≈ 0.8 eV (FWHM). The semiconducting or in-
sulating nature of Ti2O3 at room temperature [2, 28, 29]
is reflected by the fact that the spectral weight vanishes
at the Fermi level, in agreement with earlier photoemis-
sion reports [30–35] and the observation of a 0.2 eV gap
in the optical conductivity [18, 36].
The second feature is a somewhat broader but clearly
noticeable satellite (S) at around 2.43 eV binding energy.
The origin of this peak has so far been disputed. Ul-
traviolet photoelectron spectroscopy (UPS) studies had
speculated that it was a surface state with a considerable
3d band character [30, 31]. However, an angle-resolved
UPS study was not able to confirm this speculation [32].
We claim here that our spectrum is representative for the
bulk material, i.e. that both features M and S belong to
the photoemission spectrum of bulk Ti2O3. This relies
on the fact that our spectrum was taken on a cleaved
single crystal at normal emission with a photon energy
of 1486.6 eV, thereby obtaining larger probing depths
[37–39]. Below we will also provide more spectroscopic
evidence that all our spectra are representative for the
bulk.
The absence of any spectral weight at the Fermi level
in the low temperature phase of Ti2O3 invalidates the
predictions of band structure calculations [3, 6, 13] which
always display a finite density of states at the Fermi level.
This is a strong sign that correlation effects play a cru-
cial role. Indeed, using hybrid functionals, non-local ex-
change, or dynamical mean field approaches (DMFT),
one can recover a band gap in the calculations [12, 25–
27]. Interestingly, all calculations except the two-site
cluster DMFT [12] did not produce a satellite structure
like the feature S we observe at 2.43 eV binding energy.
Somewhat puzzling is yet that the two-site cluster DMFT
calculation did produce a satellite structure, but with a
much too low intensity.
In order to unveil the origin of the satellite structure
S, we now resort to configuration interaction cluster cal-
culations with full atomic multiplet theory, an approach
which is very successful to explain quantitatively the ba-
sic features in many photoelectron and x-ray absorption
spectra of 3d transition metal oxides [40–43]. We start
with the standard single transition metal site cluster, i.e.
a TiO6 octahedral cluster with the Ti ion in the center
[35], and use model parameters typical for titanium ox-
ides [12, 41, 44, 45]. We find that the Ti 3d one-electron
removal spectrum near the Fermi level consists of a single
peak, see the blue curve in Fig. 1. Satellite S is not re-
3produced in a single-site cluster. Next, motivated by the
presence of the Ti-Ti c-axis dimer in the crystal struc-
ture, we calculate the spectrum of a Ti2O9 cluster con-
sisting of two face-shared TiO6 octahedral units along
the c-axis, using the same parameters as for the TiO6
cluster, but with the addition of a parameter describing
the inter-Ti hopping [45]. The result is given by the red
curve in Fig. 1 and we can observe that both the satellite
structure S and the main peak M can be reproduced very
well.
To interpret this result, we can use the following
schematic model. The relevant orbital in this Ti-Ti dimer
is the one pointing along the bond, namely the a1g. With
each Ti ion having the 3+ valence, we then consider the
following singlet configurations forming the ground state:
a1gAa1gB , a1gAa1gA, and a1gBa1gB , where A and B de-
notes the two Ti sites. The configurations with the dou-
ble occupation on one site have the extra energy Hubbard
U , and the hopping integral between the a1gA and a1gB
orbitals is denoted by t [46]. The photoemission final
states, in which one electron has been removed, are given
by the following two configurations, namely a1gA and
a1gB , which are degenerate in energy and form bonding
and anti-bonding states with energies -t and +t. Their
energy separation, 2t, can then be read directly from the
energy separation between feature M and S, i.e. 2t = 1.75
eV (t = 0.88 eV). The intensity ratio between M and S
is determined by U/t. For U/t = 0, the intensity of the
satellite S vanishes and we are back in a one-electron ap-
proximation. In the limit of U/t→∞, M and S will have
equal intensities. From the experimental intensity ratios,
we estimate that U/t is about 3−4, i.e. U ≈ 2.5−3.5 eV.
The essential outcome of the Ti2O9 cluster calculation is
thus that the inter-site Ti hopping together with the on-
site Coulomb interaction produces a main line M with a
satellite structure S, and that the presence of M and S
shows that there is a strong electronic bond between the
two Ti ions of the dimer.
In order to collect more evidence for the presence of
the strong electronic bond within the Ti-Ti c-axis dimer
we now investigate the Ti 2p core level spectrum. Fig. 2
shows the Ti 2p core level spectrum of Ti2O3 taken at
300 K with hν = 1486.6 eV (black line, XPS), with
hν = 5931 eV (red circle, HAXPES ESRF), and with
hν ' 6500 eV (dark green triangle symbol, HAXPES
SPring-8) together with the Ti 2p spectra from YTiO3
(navy circle) and LaTiO3 (green line) with hν ' 6500
eV (HAXPES SPring-8). The first aspect we would like
to mention is that the Ti2O3 XPS spectrum is identical
to the bulk-sensitive Ti2O3 HAXPES spectra taken at
ESRF and SPring-8. This demonstrates that our XPS
spectra, i.e. also the one displayed in Fig. 1, are repre-
sentative for the bulk material. The Ti 2p core level XPS
spectra reported so far in the literature [35, 47] have a
lineshape different from ours. We have therefore car-
ried out the Ti 2p experiment multiple times, using dif-
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FIG. 2: Experimental Ti 2p core-level photoemission spectra
of Ti2O3 taken at 300 K with hν = 1486.6 eV (black line,
XPS), with hν = 5931 eV (red circle, HAXPES ESRF), and
with hν ' 6500 eV (dark green triangle symbol, HAXPES
SPring-8), and experimental Ti 2p core-level photoemission
spectra of YTiO3 taken at 300 K (navy circle) and of LaTiO3
taken at 200 K (green line) with hν ' 6500 eV (HAXPES
SPring-8). Also shown are the theoretical configuration in-
teraction calculations using a TiO6 (blue line) and a Ti2O9
(red line) cluster, see text.
ferent batches of Ti2O3 samples, and using the XPS in
our home laboratory as well as the more bulk sensitive
HAXPES at two different experimental stations (ESRF
and SPring8), all to verify that the spectra we were col-
lecting are indeed reproducible. The second aspect to
notice, is that the Ti2O3 spectra are very different from
those of YTiO3 and LaTiO3, despite the fact that all are
Ti3+ 3d1 compounds. The satellites marked as S1 and S2
have truly massive intensities, indicative of essential dif-
ferences in the local electronic structure between Ti2O3
and YTiO3/LaTiO3.
To quantify the observations, we calculate the Ti 2p
electron removal spectrum using the single-site Ti clus-
ter, i.e. TiO6, and the two-site Ti cluster, i.e. Ti2O9, as
described above. The result for the TiO6 cluster is shown
by the blue line in Fig. 2: the calculated spectrum is es-
sentially similar to the one reported in Ref. [35], and it
reproduces excellently the YTiO3 and LaTiO3 spectra.
The result for the Ti2O9 cluster is quite different from
that of the TiO6 cluster, and matches very well the exper-
imental Ti2O3 spectra including the high intensity satel-
lite features S1 and S2. These findings show that the Ti
ions in YTiO3 and LaTiO3 are relatively isolated, while
in Ti2O3 they form electronically very strongly bonded
pairs, fully consistent with the analysis for the valence
band spectrum discussed above.
Having established the electronic presence of the c-
axis dimers, we need to determine or to verify that
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FIG. 3: Panel (a): Experimental polarization-dependent Ti-L2,3 XAS spectra of Ti2O3 taken at 150 K, 300 K, 458 K, 500
K and 575 K. Panel (b): Calculated polarization-dependent Ti-L2,3 XAS spectra for the corresponding temperatures using a
Ti2O9 cluster. Panel (c): Close up of the experimental linear dichroic (LD) spectrum in the low temperature phase (blue and
black circles) and the simulation using a TiO6 (green line: a1g) and a Ti2O9 (red line: a1ga1g) cluster. Panel (d): temperature
dependence of the Ti 2p core level spectrum.
the relevant orbitals which form the bond are the Ti
a1g. We need also to investigate how this orbital oc-
cupation may evolve as a function of temperature across
the insulator-metal transition. The panel (a) of Fig. 3
shows the polarization-dependent Ti L2,3 XAS spectra of
Ti2O3 taken at 150 K, 300 K, 458 K, 500 K and 575 K,
i.e. from deep in the insulating low temperature phase,
across the gradual insulator-metal transition, and well
into the metallic high temperature phase. We can ob-
serve a strong polarization dependence indicative of a
distinct orbital occupation of the Ti 3d shell. We can
also notice that the polarization dependence decreases
across the transition. In order to quantitatively extract
the orbital occupation of the Ti 3d states from these Ti
L2,3 XAS spectra, we simulated the spectra using the
Ti2O9 cluster. The results are shown in the panel (b) of
Fig. 3. We can clearly observe the excellent overall match
between experiment and theory for all temperatures.
Focusing first on the low temperature phase, we find
that the 150 K and 300 K spectra can be very well de-
scribed by a Ti-Ti c-axis dimer in an essentially pure
a1ga1g singlet ground state. Also a close-up look at the
dichroic spectrum, i.e. the difference between the spec-
trum taken with E ‖ c and the spectrum with E ⊥ c
spectra, where E denotes the electric field vector of the
incoming light, shows that the a1ga1g ground state re-
produces the experiment to a great detail, see panel (c)
of Fig. 3 (experiment: blue and black dots; simulation:
red line). By contrast, a single-site TiO6 cluster with a
a1g initial state produces a significantly poorer fit (green
line). The low temperature XAS spectra thus not only
confirm fully the findings from the photoemission exper-
iments shown above about the strong intra-dimer elec-
tronic bond but also that this bond is formed by the
a1ga1g singlet.
With this finding we in fact restore the presumptions
of the early model by Goodenough and van-Zandt et al.
[1, 2] for the insulating state, namely that the ground
state is given by the dimer in the a1ga1g singlet. This
model has been rejected for decades by band structure
calculations [3, 6, 13] on the basis that these calculations
found a heavily mixed orbital occupation. We also vali-
date completely the starting point of the Mott-Hubbard
model by Tanaka [11], thereby correcting the numbers
found in an earlier polarization dependent Ti L2,3 XAS
experiment [17]: by extending our experiment to lower
temperatures, we ensure that our low temperature spec-
trum is taken from deep inside the insulating phase, and
by including the O 2p ligands in our analysis, we were
able to obtain a better match between the simulation and
experiment as shown in panel (c) of Fig. 3.
Concerning the temperature evolution, the decrease in
the polarization dependence of the XAS spectra across
the gradual insulator-metal transition can be ascribed to
51 . 5 1 . 0 0 . 5 E f - 0 . 5 B i n d i n g  E n e r g y  ( e V )
 3 0 0  K    5 7 5  K
Inte
nsit
y (a
rb. u
nits
) V a l e n c e  b a n d :  T i  3 d  h ν =  6 . 5  k e V A u  ( 3 0 0  K )
5 3 0 5 3 1 5 3 2
 1 5 0  K   3 0 0  K   4 5 0  K   5 0 0  K
 
 
 
P h o t o n  E n e r g y  ( e V )
O  K  e d g e  X A S
FIG. 4: Left panel: Close-up of the temperature dependence
of the valence band spectra of Ti2O3 taken with hν ' 6.5
keV (HAXPES SPring-8) together with the Au Fermi cut-off
as EF reference. Right panel: Close-up of the temperature
dependence of the O K edge XAS spectra of Ti2O3.
a re-population of the Ti 3d orbitals [17]. Our simulations
find that the occupation of the a1ga1g singlet state is re-
duced to 78%, 72%, and 49% for T = 458 K, 500 K and
575 K, respectively. The epig orbitals of the Ti t2g shell get
more and more occupied. The Ti ion thus becomes elec-
tronically less anisotropic, thereby also weakening and
eventually, breaking-up the electronic bond of the c-axis
dimer. This is mirrored by the strong changes in the Ti
2p core-level spectrum and in particular in the reduction
of the satellites S1 and S2 intensities, see panel (d) of
Fig. 3. Also the lengthening of the c-axis dimer bond
distance [48] across the gradual insulator-metal transi-
tion can be viewed as a weakening of the bond.
The partial break-up of the dimer and the orbital re-
construction with temperature have consequences for the
states closest to the chemical potential. In the left panel
of Fig. 4 we display a close-up of the valence band col-
lected with the bulk-sensitive HAXPES method and in
the right panel we show the threshold region of the O K
edge XAS as an indicator for the unoccupied states. We
can clearly observe the gradual closing of the band gap.
Perhaps more striking is the fact that spectral weight is
transferred over an energy range of 0.3 eV on both sides
of the chemical potential. Similar effects can also be seen
in the optical conductivity [18]. One may try to explain
these changes in terms of large shifts in the energies of
the relevant orbitals [2, 18], or perhaps also in terms of
large changes in the strength of the intra-dimer hopping
integrals, but the density of states from band structure
calculations [3, 6, 25, 27] show only modest changes with
temperature.
We therefore have to take strong electron correlation
effects explicitly into account in the explanation, so that
small changes in the one-electron band width and in the
strength of the effective Coulomb interaction Ueff can
lead to large changes in the electronic structure, e.g. a
MIT with a large transfer of spectral weight. The key
issue for Ti2O3 is the orbital reoccupation away from
a pure a1ga1g dimer singlet state at low temperatures.
Those dimers are electronically isolated from each other
in the solid: the hopping in the a-b plane for electrons in
the a1g orbital (oriented along the c-axis) is small (≤ 1
eV [13, 27]) compared to the Coulomb energy Ueff=U ,
where U (≈ 3 eV, see above) is the energy repulsion be-
tween two electrons doubly occupying the same a1g or-
bital of one particular Ti site after such a hopping process
in the plane.
If on the other hand, the electrons are also allowed to
occupy the epig orbitals, then the hopping in the a-b plane
will be greatly enhanced, simply because the epig orbitals
are much more directed in this plane. Moreover, after
such a hopping the doubly occupied state can be a triplet
(high spin) a1ge
pi
g . The effective Coulomb energy Ueff
will then be given by U ′-JH , where JH denotes the gain
in Hund’s rule exchange energy for pairs of spin-parallel
electrons, and where U ′ is the energy repulsion between
electrons in different orbitals, to be distinguished from U
which is for electrons in the same orbital. U ′ is smaller
than U by about 2JH , so that Ueff for the a1ge
pi
g situation
is smaller by an amount of 3JH than the Ueff for the
a1ga1g. Considering that JH is typically 0.7 eV [41], Ueff
for the a1ge
pi
g can be 2.1 eV smaller than that for the
a1ga1g. So for the a1ge
pi
g situation the e
pi
g band width in
the a-b plane (≈ 1.5 eV [13, 27]) can overcome Ueff (≈
0.9 eV) as to stabilize a metallic state.
To justify that converting a dimer in the singlet a1ga1g
situation into a dimer with the triplet a1ge
pi
g requires only
a modest amount of energy, we need to estimate the
dimer’s total energy in each situation. For the a1ga1g,
the hopping between the state with one electron on each
Ti and the state with one of the Ti doubly occupied and
the other empty is given by
√
2ta1g (there are two ways
to make the latter state, thus the
√
2 factor). The Ueff
is given by U , see above. For the a1ge
pi
g , the hopping
between the state with one electron on each Ti and the
state with one of the Ti doubly occupied and the other
empty is given by ta1g (here we neglect the hopping of
the epig along the c-axis completely). The Ueff is U
′-
JH , see above. Thus, whereas for the a1ga1g both the
hopping and Ueff are large, for the a1ge
pi
g both the hop-
ping and Ueff are small. One can therefore argue that
together with lattice effects one can find physically rea-
sonable parameters as to keep the total energy difference
between the two situations within 0.1 eV. These findings
provide strong experimental support for the theoretical
model proposed by Tanaka [11] to explain the MIT in
Ti2O3.
To summarize, using a combination of photoelectron
and polarized x-ray absorption spectroscopy we were able
to establish that the low temperature phase of Ti2O3 can
be viewed as a collection of isolated c-axis Ti-Ti dimers in
the singlet a1ga1g configuration. Upon heating and cross-
ing the gradual insulator-metal transition, the dimers
start to break-up with a reoccupation of the orbitals.
The availability of the epig channel increases the hopping
6within the a-b plane. The smaller effective Coulomb in-
teraction for the triplet a1ge
pi
g configuration facilitates the
orbital reconstruction and the stabilization of the metal-
lic state at high temperatures.
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